Understanding how populations adapt to changing environmental conditions is a long-standing theme in evolutionary biology. Gene expression changes have been recognized as an important driver of local adaptation, but relatively little is known regarding the direction of change and in particular, about the interplay between plastic and evolutionary gene expression. We have previously shown that the gene expression profiles of European grayling (Thymallus thymallus) populations inhabiting different thermal environments include both plastic and evolutionary components. However, whether the plastic and evolutionary responses were in the same direction was not investigated in detail, nor was the identity of the specific genes involved. In this study, we show that the plastic changes in protein expression in response to different temperatures are highly correlated with the evolutionary response in grayling subpopulations adapted to different thermal environments. This finding provides preliminary evidence that the plastic response most likely facilitates adaptation during the early phases of colonization of thermal environments. The proteins that showed significant changes in expression level between warm and cold temperature treatments were mostly related to muscle development, which is consistent with earlier findings demonstrating muscle mass differentiation between cold and warm grayling populations.
environmental conditions, but the picture is not yet clear (Forsman 2014; Murren et al. 2015) . There are relatively few examples where the relative contributions of plasticity and evolutionary adaptation in phenotypic change have been dissected, especially in a climate change context (Gienapp et al. 2008; Merilä 2012; Merilä and Hendry 2014) . Although several ecological responses such as phenological changes to earlier breeding season and range shifts to higher latitudes and altitudes have been commonly detected, the relative roles of plasticity and evolutionary adaptation behind these responses are poorly understood (Skelly and Freidenburg 2010; Merilä and Hendry 2014) . Studies based on model systems mimicking very early stages of adaptation can give insight on how populations adapt to rapid anthropogenic change.
Recent conceptual and theoretical work has also revitalized the importance of plasticity at the early stages of speciation and diversification (Chevin et al. 2010; Fusco and Minelli 2010; Pfennig et al. 2010; Draghi and Whitlock 2012; Wund 2012) . The immediate plastic response induced by the environment may produce adaptive phenotypes without the need for novel mutations for which the waiting time can be long (Pfennig et al. 2010) . Theoretical work suggests that plasticity can indeed induce a faster rate of adaptation by maintaining genetic variation and buffering against population bottlenecks (Espinosa-Soto et al. 2011; Fierst 2011; Draghi and Whitlock 2012; Gomez-Mestre and Jovani 2013) . Inferring the role of plasticity in adaptation is not however straightforward due to the complexity of possible responses to the new environment (Ghalambor et al. 2007; Fitzpatrick 2012; Morris and Rogers 2013) . Plasticity may also drive the population further away from the new optimum resulting in a nonadaptive (or maladaptive) response. In this case, the nonadaptive response results in lower fitness in the new environment relative to the ancestral environment. Adaptive plasticity on the other hand, can drive the population to the new optimum and may thus facilitate adaptation (Ghalambor et al. 2007; Fitzpatrick 2012; Morris and Rogers 2013) . In other words, the reaction norm of adaptive plasticity is in the same direction as would be expected if the trait would evolve under directional selection, while for nonadaptive plasticity the opposite pattern could be expected (Ghalambor et al. 2007; Fitzpatrick 2012) . The adaptive plastic response may not always result in a perfect match but rather a step closer to the new optimum (Ghalambor et al. 2007) . Plastic responses can also be variable with respect to different traits in a given organism and maladaptive response can be compensated by various mechanisms (Morris and Rogers 2013) . For example, a maladaptive phenotype may not be visible due to expression of other adaptive phenotypes induced by plastic compensation (Morris and Rogers 2013) .
Gene expression regulation is a flexible mechanism for adjusting rapidly to the local environment, but it can also be associated with long-term evolutionary response (Romero et al. 2012; Alvarez et al. 2015) . Thus studying gene expression may provide information about the importance of plasticity in the early stages of adaptation (Morris et al. 2014) . Gene expression plasticity can be estimated by treatment with ecologically important variables such as temperature in standardized conditions. Evolutionary response in gene expression can be inferred by comparing gene expression in divergent populations adapted to different ecological conditions (Hodgins-Davis and Townsend 2009). Understanding gene expression in an evolutionary context may be challenging due to the complexity of gene expression regulation mechanisms. For example, mRNA and protein expression are not always well correlated probably indicating that they are evolving under different evolutionary constraints (Diz et al. 2012; Khan et al. 2013) . Furthermore, applying a null model for gene expression evolution to infer selection on gene expression change is not always straightforward (Fraser 2011) . One way to overcome these difficulties, at least partially, is to measure expression at the protein level. It has been suggested that gene expression evolution toward optimized gene function and cell growth may be more relevant at the proteome than in the transcriptome level (Diz et al. 2012; Li et al. 2014) . Studying gene expression responses directly from the proteome can be a good starting point to elucidate hypotheses regarding gene expression plasticity and evolution of rapid local adaptation.
We have used European grayling (Thymallus thymallus) subpopulations in a recently colonized mountain lake in Norway as a model system to investigate the interplay between plastic and evolutionary responses in protein expression. Earlier research has shown that there have been both evolutionary and plastic responses in gene expression during adaptation to warm and cold tributaries (Papakostas et al. 2014) . This observation provides a starting point for elucidating in more detail whether plasticity is adaptive or maladaptive in these recently diverged populations. Our hypothesis is based on conceptual work suggesting that if the reaction norm of the plastic response is in the same direction as the evolutionary response it is indicative of adaptive plasticity (Ghalambor et al. 2007; Fitzpatrick 2012) . The opposite pattern might reflect plasticity most likely being maladaptive (Ghalambor et al. 2007; Fitzpatrick 2012) . In order to test this hypothesis, we used proteome expression profiles of subpopulations adapted to different thermal regimes as a proxy for evolutionary response. We estimated plastic response in subpopulations originating from different thermal environments and compared expression profiles to the evolutionary response. We also aimed to identify proteins that were differentially expressed between thermal environments and considered their adaptive importance in relation to previous studies on phenotypic divergence in the same subpopulations (Gregersen et al. 2008; Kavanagh et al. 2010; Thomassen et al. 2011 ).
Materials and Methods

Study System
Lake Lesjaskogsvatnet is a small mountain lake (611 m above sea level, 4.52 km 2 and 24 m maximum depth) situated in Norway (Figure 1 ). It was colonized by grayling from the river Gudbrandsdalslågen in the late 1800s (ca. 25 generations ago) following a temporary watercourse manipulation. The grayling subpopulations spawning in the various tributaries have been evolving in isolation from the ancestral population since the initial colonization (Figure 1 ) (Haugen and Vøllestad 2001) . The subpopulations can be roughly classified as "large-cold" or "small-warm" according to the river temperature profiles during the grayling-spawning season and embryo development period in the spring and early summer (Gregersen et al. 2008 ). Here, we study 2 cold subpopulations (Valåe and Hyrjon) and 2 warm subpopulations (Sandbekken and Steinbekken) (Thomassen et al. 2011) . Timing of spawning in the cold and warm subpopulations may differ by 2-5 weeks, due to the differences in water temperature and flow (Junge 2011) . The longterm average temperature difference is 1-1.5 °C between cold and warm tributaries, but the differences may be substantially larger in a given year. In total these differing temperatures translate into substantial differences in the cumulative temperature sum (Figure 1,  inset fig) (Gregersen et al. 2008; Thomassen et al. 2011) . Although divergence in neutral genetic markers is low, the warm and cold subpopulations show divergence in early life-history traits associated with the river temperature during breeding the season (Kavanagh et al. 2010; Junge et al. 2011; Thomassen et al. 2011 ).
Common Garden Experiment
A reciprocal common garden experiment was conducted to estimate plastic and evolutionary responses in standardized conditions. A detailed description of the experimental set-up can be found in Thomassen et al. (2011) . Briefly, gametes of mature individuals originating from 2 cold subpopulations and 2 warm subpopulations were used to produce fertilized eggs for the experiment. The developing embryos were reared in temperatures reflecting the lower (6 °C) and upper (10 °C) range of temperatures juvenile grayling experiencing in the wild (Thomassen et al. 2011) . Earlier studies have shown that minimum and maximum temperatures for successful embryo development in these populations are 5 °C and 12 °C (Kavanagh et al. 2010; Junge 2011) . Temperature treatments were chosen to reflect native conditions (warm origin population in 10 °C and cold origin population in 6 °C) and non-native temperatures (warm origin population in 6 °C and cold origin population in 10 °C). Embryos were sampled based on the number of degree-days in order to assure they were at similar developmental stages in relation to the average number of degree-days to 50% hatching in the subpopulation-temperature treatment (Papakostas et al. 2014 ). This approach can provide a reasonable approximation of the developmental stage when different temperatures are used in an experiment (Chezik et al. 2014) . Plastic response in protein expression was estimated by comparing the expression profiles of subpopulations reared in their native temperature to the expression in non-native temperature. Evolutionary response was estimated by comparing cold-and warm-origin subpopulations reared in similar temperatures.
Protein Extraction and Mass Spectrometry
Full details about the proteomics methods are available in Papakostas et al. (2014) . Briefly, 3 embryos per subpopulation per common garden temperature treatment, altogether 24 samples (3 embryos × 4 subpopulations × 2 temperature treatments) were used for this study. Samples were labeled by iTRAQ, fractionated by strong cation exchange (SCX) chromatography, and combined accordingly to minimize batch effects. To extract whole-organism proteins from the fish embryos, we employed a standard SDS-based protocol, and concentration was determined with a NanoDrop ND-1000 spectrophotometer. Proteins were then trypsin-digested and peptides were labeled with isobaric tags by iTRAQ reagents (4-plex, Applied Biosystems) following the manufacturer's protocol. To increase proteome coverage, each sample was peptide-fractionated into 4 fractions using a SCX column and buffers supplied as part of the ICAT Cation Exchange Buffer Pack according to the manufacturer's protocol (Applied Biosystems). Each fraction was then separated by reverse-phase chromatography using an Easy-nLC II nanoflow system connected to an Orbitrap Velos mass spectrometer (Thermo Fisher Scientific). The mobile phases were 0.2% formic acid/2% acetonitrile (A) and 0.2% formic acid/95% acetonitrile (B). Peptides were separated at a flow rate of 300 nL/min with 102 min gradients as follows: initially 2% B to 25% B (60 min), 40% B (90 min), and 100% B (92-102 min). Data were acquired in the data-dependent mode with up to 10 MS/MS scans being recorded for each precursor ion scan. Precursor ion spectra were recorded in profile mode in the Orbitrap (m/z 300-1800, R = 30 000 at m/z 400, max injection time 100 ms, and max 1 000 000 ions), and MS/MS spectra were acquired in centroid mode in the Orbitrap (R = 7500 at m/z 400, max injection time 200 ms, max 50 000 ions, HCD stepped normalized CE 40% and 50%, isolation width 2, activation time 0.1 ms, and the first mass fixed at m/z 100). The instrument control software LTQ Tune Plus version 2.6.0.1050 was used in this study, and the HCD energy of 40 on that version would be equivalent to 35 on the updated version 2.7.0.1093. Mono-isotopic precursor selection was enabled, singly charged ions and ions with an unassigned charge state were rejected, and each fragmented ion was dynamically excluded for 90 s. The lock-mass option was enabled (m/z 445.120025). In every step of the molecular work, samples were properly randomized to minimize batch effects. 
Measuring Relative Protein Expression Levels
Proteins were identified and quantified using the ProteinPilot v.4 program (Applied Biosystems). As a search database, we used all Atlantic salmon (Salmo salar) amino acid sequences submitted to the UniProt database (www.uniprot.org) as of March 2012 (13 035 amino acid sequences). The mass spectrometry files (*.RAW), the processed peaklists (*.mgf), the search databases (*.fasta), and the results of the ProteinPilot searches (*.xml) for both the validation and the actual experiment have been deposited in the ProteomeXchange consortium (http://proteomecentral.proteomexchange.org) via the PRIDE partner repository (Vizcaíno et al. 2013) with the data set identifier PXD000368. Maximum false discovery rate correction for protein identification was performed using a decoy database as implemented in ProteinPilot and was set to 5%, whereas minimum confidence for peptide identification was 95%.
A collection of 248 sequences of common-contaminant proteins, provided by Applied Biosystems, was also included in the search database. Contaminant and decoy hits were filtered and samples were divided into 4 groups of 6 samples each, namely the grayling embryos from each of the cold/warm thermal origin subpopulations with each of the 6 °C/10 °C temperature treatments. For the statistical analyses, proteins with less than 3 valid ratios per thermal origin-temperature treatment combination (6 samples) were excluded from the dataset. Ratios in this filtered dataset were then log2-transformed and then loess-normalized across biological replicates using the median values as a reference set. The few remaining missing expression values in the filtered dataset were replaced with normalized expression values imputed from the normal distribution. For these transformations, we used DanteR, an R package for the analysis of proteomic data (Taverner et al. 2012) . The variation in protein expression across individuals and treatments are shown in Supplementary Figure 2 online. In fulfillment of data archiving guidelines (Baker 2013), we have deposited the primary data underlying these analyses into the Dryad database as a Supplementary 
Statistical Methods
Altogether 3 biological replicates were used for protein quantification of expression from each subpopulation and temperature treatment. Data from the same temperature origin subpopulations were combined for the data analyses, that is, Hyrjon-Valåe and Steinbekken-Sandbekken to increase the sample size in differential gene expression analyses. Fold changes in protein expression between temperature treatments were used to estimate correlation between plastic and evolutionary responses. Pearson, Kendall and Spearman coefficients were used to estimate correlation and permutation tests were used to estimate the significance of each correlation coefficient. A permutation test was used to test if correlations were solely caused by common terms in the fold change equations. Thousand permutations were used by randomly assigning treatment labels to the expression values of the samples. Permutation tests were carried out in the R-environment using a custom made script. Fold change was calculated as expression in non-native temperature divided by the expression in native temperature. In the first comparison, the plastic change was estimated by comparing cold-origin subpopulations reared in 6 °C and 10 °C (cold plastic response: C origin 10/C origin 6), and the evolutionary response by comparing protein expression of cold and warm origin subpopulations reared in 6 °C (cold evolutionary response: W origin 6/C origin 6). In the second comparison, the plastic response was estimated by comparing the The differential gene expression of specific proteins was estimated by fitting a linear model using the lmfit function as implemented in the limma R package (Smyth 2004) . Separate analyses were conducted for plastic and evolutionary responses. Both models included the plastic and evolutionary contrasts described above and their interaction. A moderated t-statistic was estimated with the eBayes function to obtain P-values for each protein as implemented in the limma R-package (Smyth 2004 ). All P-values were corrected for multiple testing according to Benjamini-Hochberg procedure at the 5% significance level. A gene ontology (GO) category enrichment test was carried out for those proteins that were identified as differentially expressed in linear model analyses. The search for enriched GO terms was done by using statistically significant proteins as targets and the whole data set (408 proteins) as a background reference and contrasted against the human protein ortholog database. The GO enrichment analyses were conducted using the GOrilla web tool (Eden et al. 2009 ). The enrichment results were corrected for multiple testing by applying false discovery rate (Benjamini-Hochberg) at the 5% significance level.
Results
There were strong and significant (P value < 0.001 or < 0.01) positive correlations between both plastic and evolutionary responses in fold changes of the 408 protein expression profiles (Figure 2a -c, Table 1 ). All correlations were robust across Kendall, Spearman, and Pearson correlation coefficients and the observed estimates were located in the upper tail of the permuted distribution (Supplementary Figure 1a-c online) . The correlation estimates for cold plastic versus cold evolutionary responses were 0.84, 0.54, and 0.71 for Pearson, Kendall, and Spearman coefficients, respectively. The correlation estimates for warm plastic and warm evolutionary responses were in the same range (Table 1) . Also the comparison of the average plastic and evolutionary responses across treatments/subpopulations revealed high and positive correlations (Figure 2c ). The majority of the significantly differentially expressed proteins had subpopulation or treatment interactions (Figure 3 and Supplementary Table  online) . Altogether 5 and 25 proteins were significantly differentially expressed in evolutionary and plastic response comparisons respectively, after correcting for multiple testing (FDR q-value < 0.05) (Figure 3 ). In the evolutionary response comparison all 5 proteins had significant interaction (Figure 3 ). In the plastic comparison 17 proteins had a significant interaction whereas one protein had a significant response to both cold and warm thermal treatments as well their interaction. Three proteins had both significant effect in cold plastic response and an interaction. Four proteins had significant warm plastic response and interaction effects (Figure 3 ). Significant enrichment for 9 and 13 GO categories was detected after correction for multiple testing (FDR q-value < 0.05) for evolutionary and plastic responses, respectively (Table 2 ). All categories were related to muscle function processes but each GO category was associated to a combination of a small number of genes (2-4). These genes were TPMI1 (tropomyosin), TNNI2 (troponin I type 2), TNNT3 (troponin t type 3), and MYLPF (myosin light chain).
Discussion
Our study demonstrates that the reaction norms of plastic and evolutionary responses in protein expression were positively correlated in grayling subpopulations adapted to different thermal regimes. This finding suggests that the plastic protein expression response to a temperature treatment is in the same direction as the betweenpopulation protein expression profile, taken as a proxy of evolutionary response to different thermal environments. This experimental observation is in line with previous conceptual work suggesting that the adaptive plastic reaction norm of a trait should be in the same direction as would be expected if the trait would be evolving under directional selection (Ghalambor et al. 2007; Fitzpatrick 2012) . Therefore, our results suggest that gene expression plasticity among the grayling subpopulations is adaptive and driving the population closer to or to the thermal gene expression optimum. We further show that the differentially expressed genes are mostly related to muscle development and activity. This finding is in line with phenotypic differentiation in muscle-related traits reported earlier between the cold and warm subpopulations (Kavanagh et al. 2010; Thomassen et al. 2011) .
Earlier studies have shown that the expression of plastic or environmentally induced traits can later be fixed or reduced due to genetic changes commonly known as genetic accommodation or assimilation (Gomez-Mestre and Buchholz 2006; Scoville and Pfrender 2010) . For example, Scoville and Pfrender (2010) showed that the expression of pigmentation genes (Ddc and Ebony) in Daphnia were plastic in ancestral populations lacking predatory fish whereas in derived populations in the presence of predator fish the plasticity in expression was lost or genetically fixed. It appears that the contemporary grayling subpopulations in L. Lesjaskogsvatnet have a plastic response to temperature treatment, but whether this has evolved after the colonization event or was present in the ancestral population needs further studies. In particular, without knowledge about the level of plasticity in the ancestral population we cannot test whether plasticity has evolved as predicted by the genetic accommodation hypothesis. Conceptual work has suggested that there are more complex alternatives for plasticity to promote population persistence when facing novel environmental conditions Average plastic and evolutionary responses across treatments and subpopulations. ***P < 0.001, **P < 0.01. (Morris and Rogers 2013) . Although a given trait can lack plastic capacity or its response is maladaptive, the response can be compensated in another complementary trait via plastic or genetic compensation (Morris and Rogers 2013) . A previous study on the same grayling subpopulations showed accelerated muscle development but at the cost of delayed skeletal differentiation which may indicate that plastic or genetic compensation might play a role in the grayling study system (Kavanagh et al. 2010) . One critical aspect in our correlation comparisons is the estimation of evolutionary response in gene expression (Fraser 2011) . There might be an unknown environmental component contributing to the evolutionary response and thus this might create spurious correlations when contrasted against the plastic response. Several lines of evidence suggest that our between-population comparisons reflect true divergence in gene expression between cold and warm grayling subpopulations. Previous analyses using a general linear mixed model (GLMM) approach on the same data have shown that there is a significant effect of thermal treatment and the temperature origin of the subpopulation, but no interaction between them. This suggests that there is a plastic component associated with the temperature treatment and also an evolutionary component associated with the subpopulations adapted to different thermal conditions (Papakostas et al. 2014) . Averaging the plastic and evolutionary responses across subpopulations also revealed a high correlation suggesting that environmental effects have little effect on the evolutionary component. Second, comparisons in a Q ST -F ST framework on the same subpopulations revealed higher differentiation in gene expression (Q ST ~ 0.08) than for neutral microsatellite markers (F ST ~ 0.02) (Papakostas et al. 2014) . Q ST higher than expected under neutrality (F ST ) is in line with the interpretation that the gene expression differentiation between cold and warm subpopulations is adaptive. Finally, maternal effects might confound some of the expression patterns due to the fact the eggs were sampled directly from the wild. However, maternal effects have been found to play a minor role in phenotypic divergence between grayling populations (Haugen and Vøllestad 2001) .
Numerous studies have investigated the importance of gene expression in relation to ecologically important variables such as temperature and salinity but have not explicitly addressed the correlation between plastic and evolutionary responses (Alvarez et al. 2015) . A similar correlation between plastic and evolutionary responses as reported here has been observed to best of our knowledge only in sailfin mollies (Poecilia latipinna) (Fraser et al. 2014) . In this species, some genotypes exhibit plastic behavior by switching between courtship and sneaking mating tactics while other genotypes are fixed to one of the behavioral types. Gene expression levels were highly correlated between the plastic and fixed behavioral types indicating that plasticity can facilitate adaptation in the sailfin mollies behavioral types. The authors further concluded that if plastic and evolutionary responses share a common molecular mechanism, it is likely to result in adaptive plasticity. This conclusion has also been supported by simulation studies on gene regulatory networks ( Espinosa-Soto et al. 2011; Fierst 2011) . The fact that we observed a similar pattern in plastic and evolutionary responses, as did Fraser et al. (2014) , might suggest that plastic and evolutionary responses share a common molecular mechanism in the grayling subpopulations but this needs to be verified by further studies on the regulatory mechanisms of gene expression. The functions of the differentially expressed proteins are in concordance with previous studies on phenotypic differentiation in the same subpopulations. There is considerable divergence in ontogenetic traits between cold and warm subpopulations. Cold adapted subpopulations had higher growth rates, muscle mass development, and yolk conversion efficiency than warm adapted subpopulations (Kavanagh et al. 2010; Thomassen et al. 2011) . The similarity between the observed differentiation in phenotypic traits and proteome is in line with the argument that proteomic studies may mitigate some of the challenges of identifying adaptive genetic variation (Diz et al. 2012 ). The proteome is closer to the phenotype where selection is operating and thus possibly able to capture genetic variation underlying adaptive divergence. Verifying this result would however require information on different levels of biological organization. Several studies have focused on transcription level changes using temperature treatments and have documented a large number genes associated with thermal change and stress (Quinn et al. 2011; Morris et al. 2014; Narum and Campbell 2015) . These differentially expressed genes represent a diverse set of molecular pathways, but quite often highlight the importance of heat shock genes (Quinn et al. 2011; Schoville et al. 2012; Silvestre et al. 2012; Narum et al. 2013; Morris et al. 2014; Narum and Campbell 2015) . Heat shock proteins are crucial for response to several types of environmental stressors such as UV-light or elevated temperatures (Kregel 2002) . Two heat shock proteins (transcription factors 1 and 2, hsf1 and hsf2) were detected in our protein assay but they were not identified as differentially expressed. However, a previous study identified heat shock transcription factors 1 and 2 as upstream regulators of overall gene expression changes in this system (Papakostas et al. 2014) . Other studies have also raised the possibility that only a small difference in gene expression might be biologically significant. For example, 20% difference in KITLG locus expression measured in mRNA level explains human hair color variation (Guenther et al. 2014; Hoekstra 2014) . Further, other factors such as pleiotropic interactions, rather than fold-change per se may also be important (Papakostas et al. 2014) in gene expression adaptation. Overall, this may indicate that the link between statistical and biological significance in gene expression is not always straightforward and also highlights some of the difficulties in identifying the adaptive component of gene expression variation (Fraser 2011) .
One of the key questions in relation to anthropogenic environmental change is how species and populations can cope with higher temperature and the associated adverse effects on other environmental variables (Franks and Hoffmann 2012) . Populations with small effective population size living in isolated habitats may have an increased extinction risk without the necessary genetic variation to cope with environmental perturbations (Willi et al. 2006) . L. Lesjaskogsvatnet grayling subpopulations harbor relatively little neutral genetic variation but nevertheless show adaptive potential to different thermal conditions in a very short timescale (Kavanagh et al. 2010; Junge et al. 2011) . Our study indicates that plasticity in gene expression is adaptive and thus may facilitate adaptation to different thermal conditions. Plasticity in gene expression might therefore be an important component for small and genetically depleted populations to cope with rapid anthropogenic change.
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